Two-dimensional simulations are performed to investigate the impact of grain boundaries (GBs) on Cu(In,Ga)Se2 (CIGS) solar-cell performance. Charged defect levels and compositional variations at GBs are considered. Neutral grain boundaries in the CIGS layer are predicted to be most detrimental if they are parallel to the main junction and located within the depletion region. For columnar GBs with a grain size near 1 µm, the effective grain-boundary recombination velocity must be less than 10 4 cm/s to allow for record-efficiency devices. Majority-hole repulsion (additional donors at the GB) and the resulting band-bending has a small effect on current collection, but substantially lowers the open-circuit voltage, and the combined effect is generally a lowering of the solar-cell efficiency. Minority-electron repulsion (additional acceptors at the GB) will partially mitigate GB recombination. A downshift of the valence-band energy, as predicted by the observed Cu depletion at CIGS GBs, can effectively block holes from the GB region and allow efficiencies comparable to GB-free material.
I. INTRODUCTION
Despite their polycrystalline nature, thin-film solar cells based on the chalcopyrite compounds of Cu(In,Ga)Se 2 (CIGS) achieve surprisingly high conversion efficiencies (approaching 20%) [1] , and it appears that grain boundaries (GBs) are not highly active recombination paths. Besides the presence of GBs, CIGS thinfilms capable of achieving high efficiency substantially differ from single crystals, particularly elemental semiconductors, in that they are always non-stoichiometric (Cu-poor) [1, 2] , often non-uniform in the Ga/(Ga+In) composition throughout the film thickness [1], can form defect complexes that are benign to device performance [3] , and, in most cases, require the presence of sodium during growth or sodium introduced by post-deposition treatments. The latter has been shown to mostly affect GBs [4] .
A number of studies have investigated GBs in CIGS films. Scanning Kelvin probe microscopy (SKPM) on low-Ga content CIGS films determined a hole-repulsive band-bending of ∼150 meV at GBs [5] . The authors argued that because SKPM can only measure the potential variation at the surface, the band-bending in the bulk absorber may be larger and can assist in minoritycarrier collection. Studies on higher Ga-content samples [6] showed that no potential barrier at GBs was observable for CuIn 1−x Ga x Se 2 with x > 0.4. Transport analysis on CGS samples (x = 1), however, have determined a potential barrier of 60-130 meV, [7] and Sadewasser et al. [8] measured hole-repelling barriers with SKPM of about 100 meV on CGS and CIGS materials, and a reduction of this band-bending under illumination. For Cu-rich CGS samples, an electron-repelling barrier of 75 meV has also been reported [9] . First-principles calculations have predicted a downshift of the valence-band edge at grain boundaries that will repel holes without requiring electrically active defects [10] . This valence-band offset is predicted to be 0.2-0.4 eV in magnitude and localized to a very thin layer at the grain surface in which the surface reconstruction takes place. A closely related effect is the formation of Cu-poor "ordered defect compounds" that have been reported at the CIGS surface [11] . Recent experiments have shown that CIGS GBs are similarly deficient in copper [12] .
The impact of band-bending and compositional variations on solar-cell performance has been the subject of intense discussion.
In this article we report two-dimensional numerical simulations that evaluate several scenarios for grain boundaries in ZnO/CdS/Cu(In,Ga)Se 2 solar cells. The following configurations for GBs in the p-type CIGS absorber layer are considered: (1) charge-free "horizontal," (2) charge-free "columnar," (3) majority-hole repulsive band-bending, (4) minority-electron repulsive band-bending, (5) downshift of the valence-band energy at the GB, and (6) combinations of cases 4 and 5. Each of these scenarios considers recombination in the quasi-neutral bulk of a solar cell, as well as recombination in the space-charge region (SCR), and we find that the valence-band downshift is the most effective scenario that reduces GB recombination and allows for the high conversion efficiencies found in record CIGS solar cells.
Simulation of photoluminescence (PL), near-field scanning microscopy, and electron beam induced current (EBIC) experiments are reported elsewhere [13] and support the above conclusion that large hole-repulsive bandbending is unlikely to be present in high-efficiency solar cells. Hole-repulsive band-bending leads to fast charge separation, very short observed PL lifetimes, and overly long EBIC diffusion lengths, both inconsistent with experimental results. A charge neutral valence-band offset screens GBs from bulk carriers and results in PL and EBIC response that is practically identical to that of GBfree material.
II. GRAIN-BOUNDARY REVIEW
CIGS solar cells substantially differ from polycrystalline (PX) silicon solar cells. CIGS has a direct optical band gap, which can vary from 1.04-1.67 eV with Ga content, and it depends on intrinsic defects and compositional deviations to achieve doping. Furthermore, CIGS thin films are typically grown on soda-lime glass or flexible substrates and have much smaller average grain sizes (∼1 µm) [1] than PX-Si. Although CIGS thin films and PX-Si are two very different materials, some results from studies on PX-Si by means of analytical or numerical models should similarly apply to CIGS solar cells and are therefore briefly reviewed.
Seto [14] proposed the presence of charged grain boundaries in PX-Si to explain the temperature dependence of the carrier mobility. Although this picture is widely accepted, no correlation between the proposed charged GBs and the performance of such solar cells was given. Card and Yang [15] discussed the dynamics of charged grain-boundary states and concluded that under illumination the occupancy of these states adjusts to maximize GB recombination. The average reduction of the carrier lifetime by GB states can be estimated by the definition of an effective lifetime, [15, 16] and this approach was used to calculate device performance as a function of grain size and other parameters.
Alternatively, two-or three-dimensional analytical solutions in the form of infinite series have been calculated [17] [18] [19] [20] . Some authors extended this approach to predict solar-cell performance [18, 19, 21] , but charge trapping and trap dynamics were not incorporated. Analytical work by Green [22] showed that the collection efficiency within the SCR is only marginally affected by columnar GBs, whereas GBs that are parallel to the junction can cause catastrophic current losses. Later work derived quite general bounds on GB recombination [23] . Edmiston et al. [24] used numerical simulations to discuss the effects of charged GB states in PX-Si solar cells and presented an improved analytical model describing the effective GB recombination velocity.
Numerical simulations find solutions to the two-or three-dimensional problem that can include charged trap levels and trap dynamics. The Poisson and electron and hole continuity equations are solved subject to the boundary conditions. This has been done in the past for PX-Si solar cells [25] [26] [27] [28] [29] [30] . Numerical as well as analytical approaches for PX-Si predict a strong detrimental effect of GB recombination, which is enhanced by the presence of small minority-attractive band-bending. Recent work by Taretto et al. [31] investigated grain boundaries in CIGS material with numerical simulations. These authors concluded that the grain-boundary recombination velocity must be less than 10 3 cm/s to allow for record efficiencies, and that a shift in the valence-band energy up to 180 meV results only in small improvements.
III. MODEL A. Input Parameters
The solar-cell model consists of window, buffer, and absorber layers and is implemented as 200-nm ZnO, 50-nm CdS, and 3-µm CIGS layers, respectively, typical of CIGS solar cells. A band-gap energy of 1.15 eV is used for the CIGS absorber, which is the typical band gap of record efficiency devices [1] . The model parameters for these layers are given in Table I . The selection of specific bulk properties was discussed earlier [32] , and the choice of grain-boundary parameters is addressed below.
Interface recombination at the CdS/CIGS interface is included, but it has been shown previously that the positive conduction-band offset suppresses the hole concentration at the CdS/CIGS interface and, hence, such recombination is negligible [33] . All layers have uniform band-gap energies, except for the models discussed in Sects. IV C and IV D where the valence-band shift leads to an enlarged band-gap energy at the grain boundary. Illumination is simulated by the standard solar-irradiation spectrum AM1.5 [34] , and the absorption spectrum for 1.15 eV CIGS is taken from experimental results [35] . The model is two dimensional, and the third dimension is assumed to be uniform. Grain boundaries are either vertical or parallel to the main junction, which will be referred to as "columnar" (Fig. 1[a] ) or "horizontal" (Fig. 1[b] ) GBs, respectively. The distance between two 
"Neutral" recombination center columnar GBs is 1 µm, and the model consists either of one or two unit cells ( Fig. 1 [a] shows one unit cell). Grain boundaries are modeled by a thin (2 nm) layer located between two uniform regions of CIGS material, and the GB layer differs from the surrounding bulk material only by the presence of additional defects. The results are not sensitive to the width of the GB layer, and therefore input parameters and most results are expressed in terms of a planar boundary (i.e., "sheet" instead of "volume" density of trap levels). Grainboundary recombination is modeled by mid-gap states that are assigned a low density and a large capture crosssection to keep them quasi-neutral ("Neutral" in Table  I D) ; these defects are included in all simulations. The magnitude of the grain-boundary recombination is expressed by the GB recombination velocity S gb = σN gb v th , where v th is the thermal velocity of the carriers (∼10 7 cm/s) and the other parameters are defined in Table I . Charged defects with comparatively small capture cross sections are used to introduce band up-or down-bending at the grain boundary. This choice of defects is somewhat artificial, but allows the effects of recombination and band-bending to be decoupled and evaluated separately.
B. Modified columnar GBs
Starting from a CIGS model with columnar GBs (Fig.  1[a] ) and the flat band structure shown in Fig. 2(a) , the following cases will be discussed:
Electrostatic majority-hole repulsion by donor-like defects at the grain boundary (Table I D) . These levels introduce a down-bending of both bands toward the GB by φ gb = E bulk C − E GB C ; the resulting band structures for two values of φ gb are shown in Fig. 2 (b) and (c). We do not speculate about the nature of these donor defects and assume them to be ∼0.2 eV below the conductionband edge with appropriate density to establish a bandbending of φ gb . Whether these states are localized in the GB itself or at the surface of the grain is not critical.
Electrostatic minority-electron repulsion by an increased shallow acceptor density at the GB. These additional acceptor levels are placed 0.1 eV above the valence- band maximum. Conduction and valence band shift upward at the GB, which is described by the parameter φ gb < 0.
Valence-band offset. A region around the grain boundary with a lowered valence-band egde and an increased band gap (∆E V = 0.1-0.5 eV, ∆E C = 0) is defined over the region, as indicated in Fig. 1(a) . The doping in this thin layer is chosen lower than in the bulk; this establishes a flat conduction band and prevents the formation of an electron barrier. The resulting band structure is shown in Fig. 2(d) .
The model artificially separates recombination and charge trapping into two defects and, therefore, each scenario is described by three independent parameters: neutral GB recombination strength S gb , electrostaticpotential variation φ gb , and the shift in the valence-band energy ∆E V . Reducing the GB problem to these three parameters allows a general discussion of GB recombination, GB potentials, and valence-band offsets at GBs. Different GB trap configurations can alter the results somewhat, but are outside the scope of this article.
IV. RESULTS
The simulations were performed with the software program DESSIS [36] . A customized mesh is applied to the one-or two-unit cell configuration; this mesh typically contains 2,000-10,000 mesh points and is chosen to be denser in areas where parameters are expected to vary more rapidly (i.e., close to the junction and the GBs). Transport is calculated by drift diffusion and thermionic emission across hetero-interfaces. Recombination is modeled using Shockley-Read-Hall (SRH) expressions for bulk and interface states. Current-density vs. voltage (J-V) and quantum efficiency are calculated in the dark and under one-sun illumination. Subsequent J-V analysis follows the procedure outlined by Hegedus and Shafarman [37] . The reference performance given by a GB-free CIGS solar cell using parameters from Table I , A-C, is: open-circuit voltage V oc = 0.64 V, short-cricuit current density J sc = 34.7 mA/cm 2 , fill factor FF = 79%, and efficiency η = 17.6%. Diode analysis results in a diode saturation-current density J 0 2 × 10 −8 mA/cm 2 and a diode-quality factor near 1.2. All these characteristics are similar to properties of high-quality CIGS cells. Figure 3 shows the carrier concentration and recombination profile for the cases described in Fig. 2 . The plots are "cross sections" to the 2D model, are parallel to and at a distance of 1 µm from the main junction, outside of the SCR. Figure 3(a) shows the flat carrier densities n and p and enhanced recombination rate R at the GB corresponding to 2(a). Positive band-bending (Fig. 3[b] ) repels holes, increases the density of electrons at the GB, and results in still higher GB recombination. Large positive band-bending (Fig. 3[c] ) leads to a type inversion at the boundary, minority electrons becoming majority carriers, and decreased recombination. A shift in the valence-band energy (Fig. 3[d] ) suppresses the hole concentration and leaves the electron concentration unaltered. If this shift is sufficiently large, recombination near the GB is significantly reduced. The current densities in parentheses are the recombination losses integrated over the z direction (perpendicular to the graph). These losses are related, but not equal, to the losses in J sc ; the difference arises from changes in bulk recombination resulting from the presence of charged and uncharged grain boundaries.
A. Recombination for uncharged GBs
The detrimental character of grain-boundary recombination on solar-cell performance is unchallenged, though in some cases it can be mitigated. The following describes quantitatively the effects of horizontal and columnar grain boundaries that are recombination paths only and carry no charge. Consecutively, the effects of grainboundary potentials, φ gb , and valence-band offsets, ∆E V , are considered. Figure 4 shows the simulated impact of a horizontal GB on standard solar-cell parameters (short-circuit current density J sc , open-circuit voltage V oc , fill factor FF, and efficiency η). Voltage losses are highest if the GB is located within the SCR, particularly if it is located at the point where n ∼ p. This is in good agreement with analytical considerations [23] . The catastrophic J sc -loss for GBs within the SCR predicted by Ref. [22] is not observed. This prediction was based on a circuit-equivalent model of the SCR and assumed an infinite GB recombination strength (zero-resistance shunt in the circuit model).
Horizontal grain boundaries
For moderate values of S gb = 10 5 cm/s (Fig. 4) , the effect on the current collection at zero voltage is small, and carrier transport across the GB is possible. If the grain boundaries are located outside the SCR, J sc , V oc , and FF are only weakly (less than 5% relative) affected, and the net efficiency losses are minor. 
Neutral columnar grain boundaries
Columnar GBs with a grain size of 1 µm (model Fig.  1[a] ) and S gb = 10 2 -10 7 cm/s are considered. Current- voltage parameters for all values of S gb , normalized to the GB-free performance, are shown in Fig. 5(a) . CIGS is a direct band-gap material with very strong absorption and, hence, unlike Si solar cells, most of the light (>85%) is absorbed in the narrow SCR. Therefore, J sc losses closely correlate to reductions in the long-wavelength quantum efficiency. This agrees well with analytical models that predict that the losses caused by columnar GBs in the SCR should be negligible [22] and, hence, only deeply generated electron-hole pairs (corresponding to longerwavelength photons) should have an increased chance of recombination as S gb increases. V oc decreases rapidly with increasing S gb , which is due to the strong recombination within the part of the GB that is located in the SCR. This is accompanied by a transition, Fig. 5(b) , of the diode quality factor A from about 1.2 to 2 as the dominant recombination path changes from the absorber bulk to the SCR. For S gb ≥ 10 4 cm/s, the fractional loss in efficiency exceeds 5% (1% absolute), which establishes an approximate upper bound for the effective S gb in record-level devices.
The resulting carrier distribution throughout the twodimensional model, as well as carrier concentration and recombination profile at the grain boundary, are shown in Fig. 6 carrier concentrations are constant across the GB. Very large S gb (>10 6 cm/s) results in a noticeable depletion of electrons at the GB and, because this depletion cannot be considered in an one-dimensional model, "effectivelifetime" models overestimate GB recombination for high values of S gb . Recombination in forward bias occurs predominantly in the 0.25 µm-wide SCR, apparent from the narrow peak in Fig. 6(b) .
B. Charged GBs: Electrostatic potential φ gb
When charged defect levels are added to the columnar GB model (Fig. 1[a] ), the conduction and valence band are noticeably distorted. The electrostatic potential difference φ gb at zero bias within the bulk of the absorber is defined as indicated in Fig. 2(b) and is only weakly affected by illumination. Solar-cell performance parameters calculated for S gb up to 10 7 cm/s and three values of φ gb are shown in Fig. 7 . Very high current density (J sc ) is achieved with φ gb > 0.4 eV, however, the forward current substantially increases, as well, and V oc is reduced. Small φ gb lowers V oc , J sc , and FF for almost any S gb (> 10 3 cm/s). With the exception of very high values for S gb and φ gb , hole repulsion at GBs leads to an additional reduction of device efficiency. The three cases of φ gb shown in Fig. 7 are discussed in detail in the following. , and 0.6 eV (strong hole repulsion). All band-bending is defined under one-sun illumination at zero bias and at a distance z = 1 µm from the junction.
Small hole-repulsive band-bending
In the two-dimensional simulation, grain-boundary recombination rates are calculated by the expression [36] :
The recombination centers are assumed mid-gap; therefore n 1 p 1 10 9 cm −3 and, for standard AM1.5 illumination, n ∼ 10 11 cm −3 . Hence, for the situation depicted in Fig. 3(a) and (b): n i , p i n p, and Eq. (1) simplifies to
The carrier distribution throughout the 2D model, as well as the carrier densities and recombination distribution at the GB for φ gb = 0.2 eV (N donor = 4.5 × 10 11 cm −2 ), are shown in Fig. 8 . Electrons are attracted to the GB and holes are repelled; the bulk part of the GB (z > 0.5µm) is shifted toward the n ∼ p condition. This increases recombination at zero bias as expected from Eq. (2). The junction width at the GB increases and, in forward bias, the recombination peak significantly broadens (compare Fig. 8[b] to Fig. 6[b] ). The area under the R curve is proportional to the GB forward-current contribution and, hence, in the presence of small φ gb , V oc is substantially lowered. 
Large hole-repulsive band-bending
For higher φ gb = 0.6 eV (N donor = 9 × 10 11 cm −2 ), the GB inverts, n > p (Fig. 9[a] ), and the n/p junction extends from the CdS/CIGS interface along the grain surface deep into the absorber layer. Recombination at the GB practically ceases. In forward bias (Fig. 9[b] ), the band-bending has to reduce because the electron quasiFermi level cannot cross the charged defect level without changing the defect level occupancy. The band-bending is roughly limited to values below E g − φ f p − 0.2 eV − qV (φ f p is the distance of hole-quasi Fermi level from E V ). Therefore, in forward bias the GB moves toward the condition n ∼ p again, and the entire GB becomes a high recombination region. High forward currents flow and V oc is reduced. The effect of band-bending on J sc , which is closely related to recombination in the quasi-neutral region, is further illustrated in Fig. 10(a) . For negative φ gb , electrons are suppressed at the GB, recombination is reduced, and J sc is increased. For positive φ gb , J sc decreases, has a minimum near φ gb ∼ 0.15 eV, and increases up to 10% for higher values. For φ gb > 0.4 eV, practically all electronhole pairs generated in the bulk are collected, and the internal quantum efficiency is very near unity for all photons with energy E CIGS g < E photon < E CdS g . Assuming constant quasi-Fermi levels across the GB, the carrier concentrations at the boundary can be estimated as p(φ) p 0 e −φ gb /kT and n(φ) n 0 e +φ gb /kT . With this, Eq. (1) can be rewritten and an effective surface recombination velocity S(φ) defined (shown in Fig.  10[b] ):
Note that moderate S gb (= 10 5 cm/s) in combination with small φ gb results in an effective GB recombination the order of 10 7 cm/s. For small φ gb , the effective S(φ) follows the enhancement factor e q|φ gb |/kT discussed by Green [23] . Combining S(φ) with a two-dimensional analytical solution [19, 38] results in a reasonable fit to the numerical result in the range of -0.1 to 0.3 eV shown in Fig. 10(a) . The recombination maximizes when the quasi-Fermi levels are approximately equal distances from the band edges, or more accurately when n ∼ p, and this criteria is fulfilled significantly before the majority quasi-Fermi level is at mid-gap. For larger band-bending, the quasi-Fermi levels are no longer constant across the grain boundary (see Fig. 2[c] ), and the strong electric field surrounding the GB attracts carriers into the GB from which they can be efficiently collected through the main junction. Under these conditions, the collection efficiency (J sc ) improves beyond that of GB-free devices.
Electron-repulsive barriers
Additional acceptor levels at the GB establish an electron-repulsive barrier of φ gb = −0.05 eV (N acceptor = 5 × 10 11 cm −2 ), shown in Fig. 7 . A small beneficial effect on J sc and V oc is observed. Electron repulsion in the bulk leads to a passivation of the GBs (due to the absence of electrons from the GB, as discussed above). This principle remains valid, even if the electron repulsion were not caused by charges, but, for example, by a conduction-band offset. V oc improves because the additional negative charge reduces the depletion width at the grain boundary, and the high-recombination peak observed in forward bias narrows. Very high densities of GB states would need to be assumed (N GB /W grain bulk doping) to achieve electron barriers that would allow high device performance in the presence of S gb > 10 6 cm/s.
C. Valence-band offset ∆EV
The fourth case in Fig. 2(d) is a chemically induced down-shift in the valence-band energy maximum in the region near a GB. Initially, the conduction-band minimum is left unchanged. The J-V results (Fig. 11) indicate that small values of ∆E V allow partial recovery of V oc and FF, but do not significantly affect J sc . Large values of ∆E V screen the GB in the bulk, and high values of both J sc and V oc are achieved. Holes are suppressed at the GB, but the electron concentration is unaffected, Fig. 12(a) . With ∆E V > 0.3 eV, the GB is effectively screened against bulk recombination because insufficient holes are present (Fig. 3[d] and 12[a] ). In this situation, holes are minority carriers at the GB and their concentration controls the recombination process. For the given model (m h /m 0 = 0.8, p = 2 × 10 16 cm −3 , n one−sun ∼ 10 11 cm −3 ), fully effective screening occurs when ∆E V exceeds 0.3 eV. If the GB recombination velocity is very high (comparable to the thermal velocity), the thermionic emission across the valence-band offset can become an additional limiting process.
Recombination remains low under forward bias and no SCR peak is observed (Fig. 12[b] ). Recombination of electrically injected carriers is affected by any magnitude of ∆E V , because the band gap expands locally at the grain boundary and an increased band gap leads to a reduced SRH recombination. This improves V oc and FF. Under forward bias np n 2 i , and the electrically injected carrier density exceeds that which is optically generated. Under these conditions:
The dominant recombination occurs in the SCR where n ∼ p and, hence, at this point n ∼ p ∼ √ np. The band gap at the GB expands with increasing valenceband offset (E GB g = E bulk g + ∆E V ) and, therefore, Eq. (1) can be rewritten for V oc -relevant recombination:
Increasing the band gap toward the grain surface by 0.3 eV lowers the effective recombination velocity in the SCR to less than 1% of its original value. A moderate quality GB (S gb = 10 5 cm/s) would be effectively passivated (effective S gb < 10 3 cm/s) in terms of SCR recombination.
D. Combination of φ gb and ∆EV
The existence of the valence-band down-shift does not exclude the possibility of a charge-induced band-bending, as well. The current-voltage parameters corresponding to models that incorporate hole-repulsive band-bending and valence-band offsets are shown in Fig. 13 . These results are calculated for S gb = 10 5 cm/s. Nearly independently of the band-bending, high solarcell efficiency is only possible once ∆E V exceeds 0.2 eV, which is sufficient to suppress the forward current recombination and, hence, allows a high open-circuit voltage. The short-circuit current density is high for all combinations that have ∆E V + φ gb > 0.3 eV; for the purpose of passivating against bulk recombination at zero bias, both mechanisms are similarly useful. Higher values of φ gb show their beneficial effect on carrier collection, yet, even in the presence of large valence-band offsets, lead to some reduction in open-circuit voltage. Based on Fig.  13 , we conclude that, for the models considered, high ∆E V is the most effective means to passivate active GBs and attain high efficiencies, whereas small φ gb can also be present without significantly affecting device performance. φ gb alone, however, leads to efficiency below 14% for S gb = 10 5 cm/s.
V. DISCUSSION
A. Summary
The effect of grain-boundary recombination on solarcell performance is summarized in Fig. 14: (a) Neutral grain-boundary recombination substantially reduces solar-cell efficiency. (b) Charged defects that lead to hole repulsion at the GB cause additional losses in V oc and J sc . (c) With large band-bending, a high collection efficiency is observed, yet no net gain in efficiency is achieved due to the reduced voltage. (d) Valence-band offsets can suppress grain-boundary recombination in the SCR and establish performance similar to GB-free devices. This con- clusion is in disagreement with earlier work by Taretto et al., [31] who found that only slight increases in efficiency caused by a shift in the valence-band energy are possible. This discrepancy can be explained at least partially by the two-dimensional model used in Ref. [31] that was limited to the CIGS absorber layer, neglected the blocking effect of the valence offset, and mimicked hole suppression up to 0.18 eV by a reduction in the hole capture cross section.
B. Limitations of the model
Although this work used advanced numerical simulations, there are some limitations that have not been addressed in this report: I. The model is two-dimensional. In three dimensions, (a) the same values of S gb will be more detrimental because there is a higher number of GBs/volume; (b) the collection effect seen for large φ gb may be enhanced, because the average distance carriers have to travel to the GB is reduced; and (c) the V oc loss introduced by positively charged defects should be even larger, because the junction widening and increase in forward current will be, at least to some degree, additive where two grain boundaries intersect.
II. Simplified geometry. Real solar cells have many intersecting grain boundaries. Therefore, it is desirable to consider more complex structures, as well. The holeblocking mechanism discussed above could have disastrous consequences for horizontal GBs, because the device operation depends on hole current flow perpendicular to the junction. Also, it is likely that GBs are not all identical and that GBs may be non-uniform from top to bottom of the film.
III. Parameters' uncertainty. Some bulk parameters are not accurately known and were used as "best guess" values. Further, the underlying GB-free baseline corresponds to a highly efficient CIGS solar cells. The details of the simulations may vary with the choice of these parameters. Valence-band offset models assumed a thickness of 20 nm for the region of expanded band-gap energy. There is at least some experimental evidence that this Cu depletion extends several tens of nanometers or more into the bulk, because it was observed by micro-Auger Electron spectroscopy measurements [12] . The modeling results are insensitive to the thickness of this layer, but for very thin layers, quantum effects might play an important role. Estimates for tunneling through a rectangular 0.4 eV barrier show that direct tunneling becomes significant if the thickness is reduced below a few nanometers.
These limitations will certainly affect the details of the simulations, but are not likely to alter the general results.
VI. CONCLUSIONS
The impact on CIGS solar-cell performance from a large spectrum of possible recombination velocities, charge-induced barriers, and valence-band offsets at or near a grain boundary have been evaluated. From the cases considered, there are specific options available to explain record efficiencies close to 20% for CIGS solar cells: (a) GB recombination that is inherently very small (< 10 4 cm/s), (b) electron-barrier passivation, i.e., a very high acceptor density at the grain boundary, (c) a significant valence-band down-shift, or (d) a combination of a large valence-band offset and modest hole-repulsive band-bending. From our results, we conclude that the valence-band offset included in options (c) and (d) is the factor most likely to minimize the impact of grain boundaries on high-efficiency CIGS solar cells.
